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ABSTRACT
The archaeological record of stars in the Milky Way opens a uniquely detailed window into the early
formation and assembly of galaxies. Here we use 11,000 main-sequence turn-off stars with well-measured
ages, [Fe/H], [α/Fe], and orbits from the H3 Survey and Gaia to time the major events in the early
Galaxy. Located beyond the Galactic plane, 1 . |Z|/kpc . 4, this sample contains three chemically
distinct groups: a low metallicity population, and low-α and high-α groups at higher metallicity. The
age and orbit distributions of these populations show that: 1) the high-α group, which includes both
disk stars and the in-situ halo, has a star-formation history independent of eccentricity that abruptly
truncated 8.3±0.1Gyr ago (z ' 1); 2) the low metallicity population, which we identify as the accreted
stellar halo, is on eccentric orbits and its star formation truncated 10.2.+0.2−0.1Gyr ago (z ' 2); 3) the
low-α population is primarily on low eccentricity orbits and the bulk of its stars formed less than 8Gyr
ago. These results suggest a scenario in which the Milky Way accreted a satellite galaxy at z ≈ 2
that merged with the early disk by z ≈ 1. This merger truncated star formation in the early high-α
disk and perturbed a fraction of that disk onto halo-like orbits. The merger enabled the formation of
a chemically distinct, low-α disk at z . 1. The lack of any stars on halo-like orbits at younger ages
indicates that this event was the last significant disturbance to the Milky Way disk.
1. INTRODUCTION
Our cosmological paradigm predicts that Milky Way-
like galaxies assembled half or more of their stars by z ∼
1 (e.g., Moster et al. 2013; Behroozi et al. 2013). Mod-
ern hydrodynamical simulations show that the physi-
cal processes driving this evolution, including gas accre-
tion, mergers, and feedback, operate on relatively short
timescales and are often manifested on sub-kpc spatial
scales (e.g., Sawala et al. 2016; Hopkins et al. 2018;
Pillepich et al. 2019). These scales are currently inac-
cessible to direct observations of galaxies at redshifts
z & 1 (e.g., Nelson et al. 2016; Tacchella et al. 2018). A
promising alternative is to use the archaeological record
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to gain insight into the formation and evolution of the
early Milky Way.
Recent data from the Gaia observatory (Gaia Collab-
oration et al. 2018) has revealed that the Milky Way
likely underwent a significant merger at z & 1 (≈1:10
total mass ratio; Belokurov et al. 2018; Helmi et al.
2018; Mackereth et al. 2019; Kruijssen et al. 2020). Stars
accreted in this merger dominate the inner halo of the
Galaxy (Naidu et al., in preparation), however, the exact
timing of this event and its role in sculpting the Galactic
disk is less clear (cf. Gallart et al. 2019; Belokurov et al.
2019; Vincenzo et al. 2019).
In this Letter we use a large sample of main-sequence
turn-off stars from the “Hectochelle in the Halo at High
Resolution” (H3) Spectroscopic Survey (§2) to identify
the main components of the Milky Way (§3) and pre-
cisely measure their star-formation histories (§4). In §5
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Figure 1. Top panel: Kiel diagram of high signal-to-noise
stars from the H3 survey, color-coded by the relative age
uncertainty. Main-sequence turn-off stars, delimited by red
horizontal lines (3.8 < log g < 4.3), have precisely deter-
mined ages (the median uncertainty is 10%). Bottom panel:
Cylindrical Galactocentric coordinates of the main-sequence
turn-off stars we studied in this work. Our sample is radially
confined to the Solar circle (6 . R/kpc . 10), and vertically
extends between 1 . |Z|/kpc . 4, beyond the scale heights
of the thin and thick disks (dashed and dotted horizontal
lines, respectively).
we use these histories to provide the most detailed ac-
counting of the Milky Way’s early assembly.
2. DATA
We use data from the H3 Survey (Conroy et al.
2019), which is collecting R ≈ 32, 000 spectra of dis-
tant (Gaia parallax $ < 0.5 mas), bright (15 < r <
18) stars at high Galactic latitude (|b| > 40◦) with
MMT/Hectochelle (Szentgyorgyi et al. 2011). Stellar pa-
rameters including radial velocities, distances, [Fe/H]
and [α/Fe] abundance ratios, and ages are determined
with the Bayesian MINESweeper code (Cargile et al.
2019). Briefly, MINESweeper fits spectra and photometry
using MIST stellar evolution models (Choi et al. 2016)
and stellar spectral models adapted from The Payne
framework (Ting et al. 2019). In addition to the directly
measured surface abundances, MINESweeper reports the
inferred initial abundances, [Fe/H]i and [α/Fe]i. Here
we use the initial abundances, as they are the predicted
natal abundances accounting for diffusive and mixing
processes during stellar evolution (Dotter et al. 2017).
As our main goal is to deduce age differences between
different populations of stars in the Milky Way, in this
work we computed stellar parameters assuming a uni-
form age prior between 2 − 14 Gyr. This is in contrast
to the fiducial H3 stellar parameter pipeline (Cargile
et al. 2019) and existing frameworks for estimating stel-
lar parameters (e.g., Das & Sanders 2019), which adopt
a Galactic model that specifies (often strong) priors for
stellar ages in different components of the Galaxy.
We combined H3 radial velocities and distances with
Gaia DR2 proper motions (Gaia Collaboration et al.
2018) to calculate orbits of stars in our sample. For or-
bit integrations we assumed a static Milky Way, with
the bulge, disk, and halo components defined in the gala
v1.1 package (Price-Whelan 2017), and adopted the as-
tropy v4.0 default reference frame (Astropy Collabora-
tion et al. 2013) to convert the heliocentric to Galac-
tocentric coordinates. We used the orbital eccentricity,
defined as e = (rapo − rperi)/(rapo + rperi), where rapo,
rperi are the apocenter and pericenter, respectively, to
dynamically classify orbits.
To date, the H3 survey has observed 125, 000 stars,
but in this work we focus on the precisely measured
subset of 28, 000 stars with spectral signal-to-noise ra-
tio S/N > 10. The top panel of Figure 1 shows the
inferred temperature and surface gravity for these high
S/N stars, color-coded by the relative age uncertainty.
Ages are most precisely measured for stars near the main
sequence turn-off (MSTO). To achieve a precise chronol-
ogy of the Galaxy, we select 11, 034 MSTO stars with
3.8 < log g < 4.3. The median and 90th percentile age
uncertainties of our adopted sample are 10% and 16%,
respectively.
The spatial distribution of our sample is shown in
cylindrical Galactocentric coordinates in the bottom
panel of Figure 1. The H3 targeting strategy and the
high S/N cut result in our sample spanning 1 .
|Z|/kpc . 4, beyond the scale-heights of the geometric
early assembly of the milky way 3
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Figure 2. Initial [α/Fe] vs. initial [Fe/H] for all high signal-
to-noise stars in the H3 survey (top), those within 1 kpc
from the Galactic plane (middle), and our adopted sample
of main-sequence turn-off stars (bottom). All panels clearly
show the presence of three distinct components, delineated
with colored lines: the metal-poor population with a wide
range of [α/Fe] (blue), and the high-α (red) and low-α (or-
ange) populations at high metallicities.
thin and thick disks (dashed and dotted lines, respec-
tively, Jurić et al. 2008).
3. CHEMISTRY AND DYNAMICS
It has long been known that the Milky Way harbors
chemically distinct stellar populations (e.g., Gilmore
et al. 1989). We therefore begin by exploring the chem-
istry of H3 stars in Figure 2. The [Fe/H]i vs. [α/Fe]i
abundance ratios for all high S/N stars in H3 (top
panel of Figure 2) reveal three distinct populations: a
metal-poor population with a wide distribution of [α/Fe]
abundances, and, at high metallicities, distinct high-α
and low-α populations. These populations are chemi-
cally well-separated, and we define simple selection cri-
teria for each; metal-poor (delineated in blue): [α/Fe]i <
−0.32× [Fe/H]i−0.02 and [Fe/H]i < −0.6; high-α (red):
[α/Fe]i > −0.14 × [Fe/H]i + 0.18 and [Fe/H]i > −0.75;
and low-α (orange): [α/Fe]i < −0.14 × [Fe/H]i + 0.15
and [Fe/H]i > −0.45.
The middle panel of Figure 2 shows the abundances
of all high S/N stars near the Galactic plane (|Z| <
1 kpc). In this sample, the metal-rich populations are
sharply defined and form declining sequences of [α/Fe]
with [Fe/H], in broad agreement with other observations
(e.g., Adibekyan et al. 2012; Bensby et al. 2014) and
chemical evolution models (e.g., Kobayashi et al. 2006).
The abundance pattern of our MSTO sample is shown
in the bottom panel of Figure 2 and features all three
of the identified populations. The low-metallicity and
high-α populations have similar patterns to those in the
Galactic plane (middle) and in the sample overall (top).
However, the low-α population in MSTO stars has a
noticeably larger [α/Fe] spread than in the plane. This
may be related to the MSTO sample’s location above the
Galactic plane and will be investigated in the future.
Precise stellar ages enable us to directly trace the
chemical and dynamical evolution of the Milky Way.
The left column of Figure 3 shows [α/Fe]i vs. [Fe/H]i
colored by age in bins of orbital eccentricity e. High-
α metal-rich stars can be found at all eccentricities, in
contrast to the low-α population, which is confined to
circular orbits (e . 0.25), and the metal-poor popula-
tion, which is found on fairly eccentric orbits (e & 0.5).
In general, metallicity increases with time, but the low-
α sequence is younger than the high-α sequence at the
same metallicity. The age distribution of each compo-
nent is independent of eccentricity, which has implica-
tions for the formation of the Galaxy (see § 5).
The right column of Figure 3 shows how these pop-
ulations evolved in time, with each panel containing a
narrow range of ages, color-coded by eccentricity. Dif-
ferent chemical populations correspond to different dis-
tributions of eccentricities, as most clearly highlighted
in the bottom two panels. Comparison of different pan-
els shows that the mapping between the chemistry and
eccentricity of a population holds at all ages.
4. CHRONOLOGY
In this section we present star formation histories for
several of the Milky Way’s structural components. Mo-
tivated by eccentricity patterns in the [α/Fe] vs. [Fe/H]
space (Figure 3), and previous chemo-dynamical studies
of the Galaxy (e.g., Hayden et al. 2015; Bonaca et al.
2017), we define: (1) the low-α disk as low-α stars with
low eccentricity e < 0.25, (2) the high-α disk as high-α
stars with low eccentricity e < 0.5, (3) the in-situ halo as
high-α stars with high eccentricity e > 0.75, and (4) the
accreted halo as metal-poor stars with high eccentricity
e > 0.75. These selections result in 1818, 4631, 266, and
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Figure 3. Initial [α/Fe] vs. initial [Fe/H] for our sample of main-sequence turn-off stars in bins of orbital eccentricity (left) and
age (right). Chemically distinct components have different orbital properties: metal-poor stars are eccentric, low-α metal-rich
stars are circular, while the high-α metal-rich component spans the entire range of eccentricities. These components also formed
at different times: metal-poor stars are ancient (median age of 11.5Gyr, and few younger than 9Gyr), while the star formation
histories of the high- and low-α metal-rich are more extended.
438 stars in each group, respectively. We expect these se-
lections, as well as our earlier MSTO sample selection,
to be largely unbiased in age, and therefore interpret the
distribution of stellar ages in each component as its star
formation history.
Figure 4 presents the star-formation history beyond
the Galactic plane. Each component is normalized to
unity. The accreted halo (blue line) is ancient, with an
approximately constant star-formation rate until 10Gyr
ago, followed by a sharp decline. The in-situ halo (red
solid line) had a rising SFR that peaked 10Gyr ago, after
the decline in the accreted halo. Remarkably, the high-α
disk (red dotted line) has a very similar star-formation
history to the in-situ halo. The two-sample K-S statis-
tic for their ages is 0.07—consistent with being drawn
from the same distribution. The low-α disk (orange dot-
ted line) formed last, with the largest increase in star
formation coinciding with the drop in star formation of
the accreted halo.
Figure 4 suggests that the accreted halo is older than
the in-situ halo, but to quantify the difference in their
ages we need to account for the measurement uncertain-
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Figure 4. Star-formation histories of chemo-dynamical components in the Milky Way derived from MSTO ages at 1 . |Z| . 4
kpc. The accreted halo (metal-poor stars on eccentric orbits; blue line) is older than the in-situ halo (high-α stars on eccentric
orbits; red line). The star-formation history of the in-situ halo is very similar to that of high-α stars on disk-like, circular orbits
(red dotted line). The MSTO stars above the Galactic plane show that the low-α disk forms last (orange dotted line), although
they are likely not representative of the global low-α population, which we expect continues forming stars at the present. The
typical age uncertainty for a single star is ≈ 1Gyr, shown with an error bar below the legend, so the detected difference in the
distribution of ages between the in-situ and the accreted halo is significant.
ties. We fit the age at which each component stopped
forming stars, tend, assuming a constant star-formation
rate for the accreted halo, and a star-formation rate that
rises linearly with time for the in-situ halo. We chose
these one-parameter models for their simplicity. For a
trial tend, we drew random samples of ages reflecting the
total number of stars in a component, convolved them
with the corresponding age uncertainties, and repeated
the procedure 50 times. We compared the median binned
distribution of sampled ages to the observed distribu-
tion, and constrained tend by sampling the posterior dis-
tribution with 64 walkers advanced for 2048 steps using
the affine-invariant sampler emcee (Foreman-Mackey
et al. 2013). After discarding the first 500 burn-in steps,
we report the median tend as the best-fit value, and
the 16 − 84 percentile range as its uncertainty. The
accreted halo stopped forming stars 10.2+0.2−0.1Gyr ago,
while the in-situ halo halted star-formation 8.3±0.1Gyr
ago. The best-fit models are shown as solid lines in the
left panel of Figure 5 (blue and red for the accreted and
in-situ halo, respectively), and their error convolutions
are the shaded regions in the right panel (representing
the 16 − 84 percentile range). The best-fit models pro-
vide an excellent match to the observed star-formation
histories (solid lines, right). Despite individual age un-
certainties of 1Gyr, our data show that the in-situ halo
stopped forming stars 1.9 ± 0.2Gyr after the accreted
halo—an age difference detected at & 9σ.
5. DISCUSSION
In this work we used data from the H3 Survey and
Gaia to measure main-sequence turn-off ages for ≈
11, 000 stars located & 1 kpc beyond the Galactic plane.
We identified the accreted halo as metal-poor stars
on eccentric orbits and found they have uniformly old
ages, consistent with a sudden truncation ≈ 10Gyr ago.
Metal-rich, [α/Fe]-enhanced stars orbit with eccentrici-
ties ranging from circular to radial, and we associated
these extremes with the high-α disk and the in-situ halo,
respectively. These components have the same age dis-
tribution, consistent with a linearly rising star-formation
rate until ≈ 8Gyr ago, followed by a sudden truncation.
The youngest component, that formed the majority of
its stars in the last 10Gyr, is the low-α disk, defined
as metal-rich, low [α/Fe] stars which are all on close-to-
circular orbits.
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Figure 5. Left panel: Best-fit models for the age distribution of the accreted (blue, constant star-formation rate) and the in-situ
halo (red, rising star-formation history). Right panel: Best-fit star-formation histories convolved with observational uncertainties
(shaded) match the inferred distribution of ages for both the in-situ and accreted halo (solid lines). The inferred ages of local
halo stars are consistent with an abrupt end of star formation ≈ 10Gyr ago in the accreted halo and ≈ 2Gyr later in the in-situ
halo.
These results suggest the following timeline for the
early assembly of the Milky Way (Figure 6). During
the first ≈ 3Gyr, stars were forming in a high-α disk.
Approximately 10 Gyr ago, a smaller, more metal-poor
galaxy was accreted into the Milky Way system. The
satellite lost its gas, which truncated its own star for-
mation, and provided a reservoir of low-metallicity gas
that started fueling star formation in a diluted low-α
disk. The satellite orbit gradually decayed, and even-
tually merged with the Milky Way galaxy 8 Gyr ago.
The merger disrupted star formation in the primordial
Milky Way’s disk and heated a fraction of its stars to
high eccentricity orbits (the in-situ halo). This scenario
is broadly consistent with studies that timed the for-
mation of the Milky Way’s low and high-α disks (e.g.,
Haywood et al. 2013; Buder et al. 2019), its accreted halo
(Belokurov et al. 2018; Helmi et al. 2018; Chaplin et al.
2020), and those which argued that the in-situ halo stars
were kicked out of the disk (e.g., Zolotov et al. 2009; Pur-
cell et al. 2010; Bonaca et al. 2017; Gallart et al. 2019;
Belokurov et al. 2019). Below we detail where our results
depart from earlier work.
The first key conclusion from this work is that the
in-situ halo has the same chemistry and star formation
history as the high-α disk. Previous studies found that
the in-situ halo is older than the disk (e.g., Gallart et al.
2019; Belokurov et al. 2019). At least a part of this dis-
crepancy can be traced to the selection of disk stars:
simple cuts on height above the Galactic plane (Gallart
et al. 2019) or [Fe/H] metallicity (Belokurov et al. 2019)
allow for a significant fraction of younger low-α disk
stars. The age-and-chemistry similarity disfavors mod-
els in which the in-situ halo formed kinematically decou-
pled from the disk, for example, out of gas accreted from
infalling satellites (e.g., Font et al. 2011; Cooper et al.
2015). The star formation history of the in-situ halo and
the high-α disk extends over ≈ 5Gyr. This fact rules
out models in which the thick disk formed in a merger-
triggered starburst (e.g., Fantin et al. 2019), and limits
the fraction of the in-situ halo born in galactic outflows
(Yu et al. 2020). Lastly, the sharp decline of star forma-
tion disfavors secular scenarios for the formation of the
thick disk and the in-situ halo as its high-eccentricity tail
(e.g., Schönrich & Binney 2009; Loebman et al. 2011).
The second key conclusion emerging from the pre-
sented data is that the star formation in the in-situ halo
ended ≈ 2Gyr after the accreted halo stopped forming
stars. This is in contrast to previous age estimates from
Gaia photometry that inferred nearly coeval populations
(Gallart et al. 2019), and from a variety of ground-based
spectroscopy that found the in-situ halo to be . 1Gyr
younger than the accreted halo (Belokurov et al. 2019).
These studies interpreted similar ages as evidence that
a single event—the last massive merger— shut star for-
mation in the accreted and the in-situ halo. Our age
estimates, based on a self-consistent analysis of a sin-
gle spectroscopic dataset, present a more nuanced sce-
nario. The 2Gyr difference between the end of star for-
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Figure 6. A visual summary of the Milky Way’s early assembly. Left: At early times, the Milky Way was dominated by a hot
disk of high-α stars (red), with some metal-poor stars in the halo (blue) and some low-α stars in the disk (orange). Middle: The
merger at z ≈ 1 populated most of the halo with the accreted metal-poor stars, but also heated some in-situ high-α stars to
halo-like orbits. Right: Following the merger, only the low-α disk continues to grow, fueled by gas accreted during the merger.
mation in the in-situ and accreted halo points to dif-
ferent quenching mechanisms. In our proposed scenario,
the satellite galaxy lost its gas shortly after infall, which
shut down its own star formation. The satellite’s or-
bit decayed over 2 Gyr and eventually merged with the
Milky Way at z ≈ 1, which quenched in-situ star forma-
tion in the high-α disk. We note that a simple estimate
of the dynamical friction timescale for a 1:10 merger at
z = 2 yields an inspiral time of 2 Gyr. Another possi-
bility is that the satellite stopped forming stars on its
own accord 2Gyr before merging with the Milky Way
and quenching the in-situ star formation. An indepen-
dent estimate of the merger timeline (e.g., from proper-
ties of accreted globular clusters, Kruijssen et al. 2020)
might distinguish between these scenarios, and probe
star formation in a galaxy an order of magnitude lower
mass than currently observable at these redshifts (e.g.,
Whitaker et al. 2014).
Finally, we note the surprising existence of stars older
than 10Gyr in the low-α disk. Careful inspection of
these stars reveals no issues with the data or derived
parameters. One concern is subtle contamination due to
unresolved binaries, which would make the system ap-
pear redder and brighter, and bias the inference towards
older ages; multi-epoch spectroscopy is required to rule
out this possibility. If confirmed as ancient stars, this
would add further complexity to the formation of the
early Galaxy.
We close by placing these results in the context of in-
dependent constraints on the assembly history of Milky
Way-like galaxies. In this work we have argued that the
high-α disk formed by z ≈ 1 (8Gyr ago), and subse-
quent star formation has happened largely in the low-α
disk. Haywood et al. (2016) has shown that the mass in
the central region of the Milky Way (bulge and/or bar)
was also largely assembled by z ≈ 1. In a recent review,
Bland-Hawthorn & Gerhard (2016) give the following
masses for these components: Mbulge = 1.5 × 1010M,
Mthick = 6× 109M, and Mthin = 3× 1010M. There-
fore, approximately 40% of the Milky Way stellar mass
was assembled by z ≈ 1. As the bulge region harbors
some stars younger than 8Gyr, and the low-α disk may
contain stars older than 8Gyr, we treat the 40% num-
ber as tentative without a more detailed accounting of
the star-formation history. Nonetheless, this fraction is
in excellent agreement with studies that connect Milky
Way-like progenitors across redshift (e.g., van Dokkum
et al. 2013; Behroozi et al. 2013; Moster et al. 2013).
The Milky Way appears to have grown its mass in a
manner that is typical for its mass. This fact bodes well
for making strong connections between the archaeologi-
cal record of our Galaxy and studies of the high-redshift
Universe.
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